Gravitational effective action is calculated to second order in transverse momentums for a planar asymptotically anti-de Sitter geometry by gauge fixing method. The first order bulk energy-momentum tensor is calculated. The zeroth order equations of motion are solved and a new black brane-like solution is found. We show that once the contribution of matter quantum modes is taken into account, the horizon of the black brane disappears. This is also correct for BTZ black hole. Our result strengthens the black hole non-existence proposal by Hawking.
Introduction
During 1970's, investigating quantum field theories in curved spaces led to some interesting results and hard to solve problems. Works by Fulling [1] , Davies [2] , Hawking [3] and Unruh [4] showed that time-dependent geometries and black holes produce particles. Also non-inertial observers detect a bath of thermally distributed particles around themselves.
On the other hand thermal evaporation of black holes leads to information paradox [5] . From Hawking's calculation it seems that a black hole always evaporates to a thermally distributed system of particles, independent of the state of the initial collapsing matter.
This makes transition between pure states and mixed states possible which not only destroys the information of the initial system but also is not possible by unitary evolutions of quantum mechanics.
Thermality of Hawking radiation is a result of eternity of the black hole under consideration. One can expect that including the backreaction of the radiation on the black hole will make the radiation non-thermal. These non-thermal deviations may carry information about the initial state of the collapsing matter. But including the backreaction of the radiation on the black hole is not easy. It needs simultaneus calculation of quantum particle production and also solving the equations of motion for geometry.
On the other hand the geometry has some important effects on quantum phenomena.
The curved geometry reflects a fraction of the radiation back to the black hole. Also if the space has a boundary, the effects of boundary conditions are very important.
The systematic solution to all these difficulties is using the gravitational effective action. This is an effective action for a general indetermined metric which can be derived by integrating matter quantum modes out. Solving the equations of motion from such effective action will result classical geometries which include the effects of matter quantum modes. In the mid 1980's an avalanche of work appeared on the subject by many physicists that continues up to now, concerning the effective action, its features and applications.
Some pioneer works and examples of applications are 2 [6] [7] [8] [9] [10] [11] [12] .
Since the metric should be general, this action is not achievable in principle! But instead of considering a completely general metric, we can consider the metric as general as possible. A covariant method introduced for expanding the one-loop effective action for asymptotically flat geometries by Barvinsky and Vilkovisky [13] . They have also calculated the second order terms [14] . Barvinsky, Gusev, Zhytnikov and Vilkovisky also calculated the third order terms in curvature [15, 16] .
But many interesting geometries, including black holes and asymptotically de Sitter and anti-de Sitter spaces, which are being used in different contexts, are not weakly curved and/or asymptotically flat. A very special example is the AdS/CFT correspondence [17, 18] . In gauge/gravity setups since the partition function of the bulk with special boundary conditions is the generating functional of the dual field theory [19] , having such gravitational effective action for asymptotically AdS spaces, can be very useful. There is another special point about the AdS black holes and black branes. For studying the effects of the radiation on the black hole by using the effective action, we need to calculate the action for a time-dependent geometry which is an extra difficulty. In AdS space, black holes (branes) can be in thermal equilibrium with their radiation, since the boudary of the space is repulsive. It means the final equilibrated system is the solution of a timeindependent effective action which is easier to be computed.
Recently a method is proposed for doing quantum calculations in planar geometries, independent of their curvature and asymptotic behaviour, named gauge fixing method [20] . In this paper we use this method to calculate the gravitational effective action for an asymptotically AdS geometry to second order in transverse momentums. Then we calculate the energy-momentum tensor to first order. Also by solving the equations of motion to zeroth order we find a geometry very similar to the exterior region of an AdS black brane but without the horizon! Disappearance of the horizon, due to quantum modes, in the solution that we found in this work, can be interpreted in line with the black hole non-existence proposals by Hawking [21] , Frolov [22] and others. Also there are some papers which suggest that black holes can not even form [23] [24] [25] [26] . Finally we finish the paper by summary and discussion.
Including Quantum Modes
As mentioned, for studying the effect of Hawking radiation on the evaporation process of a black hole, we need to study the dynamics of evaporation with all side effects such as backreaction, greybody factor, etc. For this we need to calculate the gravitational effective action for a highly curved time-dependent geometry. Then we should try to find a time-dependent solution for this effective action; what we are very far from it now. But we can consider an AdS black brane which is equilibrated with its radiation and so we only need to calculate a time-independent gravitational effective action.
In this section we try to study the effect of quantum modes of the matter scalar field on the classical background geometry. The quantum modes and the geometry are equilibrated and so we will have a time-independent geometry. For this we use the gauge fixing method which is introduced in [20] . Finally we will solve the zeroth-order equations of motion and find a black brane-like solution without horizon. We will see that as soon as we add this zeroth-order correction, the horizon will be disappeared.
Gauge Fixing Method
For including the effects of matter quantum modes we need to calculate the effective action. Consider an asymptotically locally AdS space equipped with a metric g µν and suppose that the geometry is near planar
So the action is
For a near planar geometry, we can write the first term in the action above in this form
The next step is changing the coordinate z to ξ in a way that −ĝ(z)ĝ zz → X = −g(ξ)g ξξ = 1. This coordinate transformation can be found by computing the integral
Near boundary analysis of this new coordinate is simple for an AdS space. Near the boundary we have
So the near boundary behaviour of ξ is
It means that ξ > 0 and the boundary is at ξ = 0. The action will be
where
and δX is the transformed version of δX. In the action 7, the first term will be the kinetic term and other terms will be considered as interaction terms. After integrating the first term by parts we have
Here we have dropped the sign˜over δX, just for simplicity. By a wick rotation t → iτ we have the Euclidean action
whereÂ,B and d dx are the Euclidean functions and measure. For simplicity we drop this hat sign, since they will be turned back to their original form at the end of the calculation.
Now we want to calculate the path integral
Before calculating the Green's function and its derivatives, let us have a look at the spectrum. The solution to the first term is
Near the boundary it has the form
These two solutions, with coefficients a and b, are in fact the normalizable and nonnormalizable modes of a free, massless scalar field in AdS space. On the other hand the spectrum of the first term is
We like the fileds to be zero at the boundary ξ = 0. With this boundary condition the eigen-functions are
so the one dimensional Green's function is
where C[•, •] refers to the contraction of fields. The explicit form of the Green's function
and its derivatives are
where θ is the Heaviside theta function. And also we have the special case
One interesting point about this Green's function is that
which is not divergent. Note that in these calculations we have used the positivity of both ξ and ξ . With Green's function and its derivatives in hand we can calculate any quantum mechanical quantity including the gravitational effective action, which in the context of AdS/CFT is nothig but the generating functional for both the bulk and boundary theories.
Second Order Effective Action
To have a nice day (!) let us move from transverse coordinates to transverse momentums.
The action in terms of transverse momentums is
Now the contraction of the fields are
and the derivatives of the Green's function with respect to longitudinal coordinate (ξ), are as before. Now it is easy to calculate the first and second order terms of the gravitational effective action. Let us start from δX term to all orders. One can show easily that the result is the same as in [20] 
Next term is the first order term in A but all orders in δX. One can show that the result is
and F is the Fourier transformation
You can check that for an exactly planar geometry at the gauge point X = 1, where δX = 0, this first order term is zero. Second order terms are in the forms below 3
The first term is so simple and its result is
For second term there are n! combinations with the same value and the result is
It is easy to show that the third term is
where we have used G(ξ, ξ) = −ξ.
Also you can show that the fourth term is
F is again the function 31.
Finally you can verify that the last term is
We have dropped the quantum fields ∂ M φ * ∂ N φ in these expressions, just for simplicity.
Now we can move back to position space. The term 24 is already in position sapce. The term 25 is
where here F is the function 31. And second order terms will be
Some of these terms have divergencies in them and need to be renormalized.
First Order Energy-Momentum Tensor
In previous part we calculated the effective action to second order in transverse momentums but all orders in δX. So we can replace δX with X − 1, where X is not necessarily close to 1, so we have replacements below
By using the variations below to first order in h AB
It is easy to see that the variation of the effective action, to first order in transverse momentums or equivalently the first transverse derivatives in position space, is
With this variation, calculating the energy-momentum tensor is trivial
where C 1 and C 2 are renormalized couplings. For a d + 1-dimensional space-time, the trace of the tensor is
where J µ = A µ /X. For a planar geometry the trace is
Here is good to mention that there are two planarity preserving coordinate transformations that we name transverse and longitudinal transformations. This can be understood from the energy-momentum tensor but we can show it simply in the trace 41. We can define J A = √ −g g ξA /X where A includes ξ as well as transverse coordinates and so J ξ = 1. Now the trace above can be written in the form below
where j A = g ξA /X and A is the covariant derivative. The left hand side is a scalar under all diffeomorphisms so the right hand side should be scalar as well. The interesting point here is that although just some special transformations are planarity preserving but, the trace 43 has a complete diffeomorphism invariant form!
Semi Black Brane as Zeroth-Order Solution
In this part we want to solve the equations of motion derived from the zeroth-order effective action. For this it is enough to consider the vacuum expectation value of the energy-momentum tensor to zeroth-order. The equations of motion for an exactly planar geometry are
Now let us consider Λ < 0 and a d + 1 dimensional metric of the form
As is obvious, this metric is at the gauge point √ −g g ξξ = 1. This is an AdS black brane-like metric in ξ coordinate. In fact for black brane we have
Just for simplicity, let us consider a 5-dimensional space (d = 4, Λ = −6). Plugging the ansatz 45 in equations 44 leads to three equations
In these expressions refers to derivative with respect to ξ. Since the equations above do not have explicit dependence on ξ, we can change the variable of the equations from ξ to ρ. If we define P = ρ 2 , the equations will be
where˙refers to derivative with respect to ρ. The first equation is an algebraic equation for P and its solution is
After finding f (ρ), we can solve this equation to find ρ(ξ). For C 1 = 0, it is easy to check analytically that ξ(ρ) ∼ ρ d for ρ ρ h and ξ(ρ) ∼ ln(ρ) for ρ ρ h and we checked numerically that ξ(ρ) is a smooth, differentiable function consistent with the mentioned analytic asymptotic behaviours. Substituting the P above into the remaining equations leads to the same differential equations, which means that these two functions ρ and f are sufficient to solve all equations. The final equation for f that should be solved is
The implicit analytic solution to this equation is log(f (ρ)) = − 1 1 +
When the coupling C 1 is zero, which means the right hand side of the equations are zero (ignoring the quantum modes), this equation can be solved simply and the solutions are
The first one is the black brane solution and the other one diverges as ρ increases. When the coupling C 1 is not zero and so we have the effect of quantum modes, the solution is not simple but, we can still extract some features of the solution from this equation.
Later we solve the differential equation numerically and find the solution. One important point here is that we have a one parameter family of solutions labled by ρ h , which at zero coupling is the position of the horizon of the black brane.
-Analytic Analysis
We found that the positive f (ρ) is only consistent with positive value of the coupling, so let us consider C 1 ≥ 0. In this case the tanh −1 has an imaginary part equals to −iπ/2, since its argument is larger than 1. This imaginary value is canceled by iπ in the equation.
Also we need f = 1 at the boundary of the space ρ = 0. When the coupling is zero, the function f can become negative beyond some ρ which is in fact ρ h , since the imaginary part of the logarithm can be canceled again by the same iπ in the equation and tanh
does not have any imaginary part since its argument is less than 1. It means that the function f can be either positive or negative. But when the coupling is not zero, the function f can not change sign and we will see this in numerical solution.
On the other hand it is easy to see that the near boundary behaviour of f , for non-zero coupling, is
We will use this behaviour to solve the equation numerically.
-Numerical Solution
Solving the equation 50 numerically with the mentioned boundary behaviour leads to the fig. 1 . There is again a divergent solution and the other solution (the red line) is not a black brane, since f never becomes zero at finite ρ but at ρ → ∞. In fig. 1 , we have also plotted the function f (ρ) for different values of the coupling. There are some interesting facts in this plot. When the coupling is zero, we have simple black brane solution. The geometry has a coordinate singularity at finite ρ, where f becomes zero, which is the horizon and then f becomes negative. Once the coupling is turned on, the negative part of the solution (horizon and the interior region of the black brane) disappears. It can be understood from the equation 50. If f (ρ) grows slower than ρ 8 as ρ increases, then for very large values of ρ, the equation becomes
Independent of the value of the coupling the general solution is
From solution 51, it is easy to see that for ρ ρ h the function f (ρ) is
The other important and interesting point is that for small couplings the geometry is very similar to the exterior region of the black brane. It means that for these values of coupling, the static observer at infinity can not understand the difference between black brane and this solution, by classical probes. beyond ρ = ρ h the function f is very close to zero and so there is, although not completely black, but a very dark region! From the point of view of the static observer at infinity, an infalling matter when reaches ρ h will become, although not exactly, but approximately frozen. For these reasons we name it a semi black brane. Since there is not any horizon, there is not any Hawking radiation, so the parameter ρ h can not be related to any temperature but it should be related to the total energy of the semi black brane. 
Structure of the Semi Black Brane Geometry
The semi black brane metric in ρ coordinate 4 is
We can also write the metric above in this form
which is similar to a hairy black brane. For finite values of the coupling C 1 , the function h(ρ) is not 1/f (ρ) but, it has a maximum value at some ρ < ρ h . At the limit C 1 → 0, this maximum value goes to infinity at ρ h and the function h(ρ) tends to 1/f (ρ) or equivalently χ(ρ) → 0. At this limit the function f (ρ) is lim
which is that of the exterior region of the black brane. Beyond ρ h all functions are zero.
In fig. 2 we have plotted the metric functions for a finite valued and also a very small coupling.
Since both functions h and f go to zero as ρ goes to infinity, the causal structure of the geometry can not be realized from these plots. For this we need to study other objects, e.g. light rays. The coordinate speed of light in this coordinate is 4 We can use the ρ coordinate with the metric ansatz above, from the begining, to find the solution. But since this ansatz is out of the gauge point X = 1, we should use (∂ξ/∂ρ)C 1 = C 1 / √ P instead of C 1 , as mentioned previously. You can verify that, in ρ coordinate, just by this substitution we derive the differential equations that we found in ξ coordinate. The space-time plot of light rays, in ρ coordinate, for semi black brane geometry at the limit
This speed is plotted in fig. 3 for different values of the coupling C 1 . For a finite valued coupling the speed starts from 1 at the boundary and then decreases. It has a minimum value around ρ h and then increases to infinity as ρ increases.
When C 1 → 0, the geometry becomes the same as the exterior region of the black brane, below ρ h , and so the speed of light tends to v c → f (ρ), similar to the black brane. Beyond ρ h , it becomes zero which means that every thing is frozen there from the viewpoint of the observer. This is completely different from interior region of the black brane. You can check that the zeroth order effective action, that we introduced above, does not have the black hole solution in three dimensions, when the cosmological constant is zero. But when it is not zero there is a BTZ-like solution. The metric of a BTZ black hole without rotation and charge is
Semi BTZ black hole
with
In this paper we calculated the gravitational effective action for an asymptotically AdS geometry with the boundary condition φ boundary = 0, to second order in transverse momentums. The first order energy-momentum tensor is calculated. We also solved the zeroth order equations of motion and we found that the contribution of the leading order term removes the horizon of the black brane in all space-time dimensions. This is also correct for Three dimensional AdS black brane and BTZ black hole.
Here we would like to mention to some points
Covariancy -The effective action should be diffeomorphism invariant since both the bare action and the measure of the path integral are diffeomorphism scalars. It means that the full effective action should have a covariant form. The gauge fixing method in its perturbative form results a non-covariant effective action. Including higher order terms may restore the covariancy although our truncated effective action is still acceptable as the one in planar coordinates.
Holographic Hydrodynamics -As mentioned, the perturbative gauge fixing method that we used in this paper is a perturbative calculation in transverse momentums. So it can be considered as a hydrodynamical expansion in transverse planes. In an AdS/CFT setup, this will be the hydrodynamical expansion for dual theory. It will be interesting to use this method in that context.
Coupling C 1 -The contribution of the leading term in effective action is controled by the coupling C 1 . It is important to remember that the dimension of the coupling is that of the spatial energy density (J/l d ). We can make it dimensionless by using the dimensionful quantities in the theory which are Newton's and Planck's constants and the speed of light
where l P is the Planck length andĈ 1 is a dimensionless coupling. The coupling C 1 is related to an energy density in the space, comming from quantum modes to zeroth order in transverse momentums. Disappearence of the horizon is not just the effect of this energy density but the way it couples to the geometry through lnX. This special coupling also leads to the trace anomaly 41.
The other point is that the coupling C 1 , is a constant number, just in gauge point X = 1. In other coordinates that the metric is out of the gauge point, it is a function which can be found from its transformation. Suppose that the metric is planar in some coordinate ξ and ρ(ξ) is another coordinate. The C 1 -function in ρ coordinate will bẽ
which is a local energy density in the new coordinate.
The Horizon -The contribution of the leading term of the effective action removed the horizon of the black brane. Recently it is shown that including the effect of quantum modes through trace anomaly prevents the horizon to be formed [25] . This result is comparable to ours. On the other hand, in our calculation, it seems unlikely that the higher order terms of the effective action will restore the horizon. They will modify the effect but should not wash it away completely since they include transverse momentums and can not cancel the term lnX.
As we saw in this work, the limit C 1 → 0 leads to semi black brane while C 1 = 0 results the black brane; the limit is not Continuous. It means that if general relativity is a limit of a quantum effective theory, then the picture that it presents from interior region of the black brane is probably not correct. Specially the exterior region of semi black brane, for small couplings, is that of the black brane and so not distinguishable from outside. Our results arise a serious doubt about the existence of horizons when quantum effects of the matter fields and probably gravitons are taken into account. One may also expect this to be the case for asympotically flat black holes. The expectation which is also supported by some previous works [25] . Our result may be considered as another supportive observation for black hole non-existence proposal [21, 22] , as mentioned previously.
Of course the results of the current paper should be verified by more investigations, since we have used the leading term of a perturbative non-covariant effective action.
Specially, our result may be gauge or method dependent.
